Abstract In this study, the effects of pulsed UV (PUV) light on the degradation kinetics of anthocyanins and physicochemical properties of turnip juice were investigated. PUV light was applied to turnip juice at 3 different distances (5, 8, 13 cm) from the quartz window of the xenon lamp for 5 different times (5, 15, 30, 45, 60 s). The pH, total acidity (% lactic acid), monomeric anthocyanin content, color density, hue, brightness, and percent color components (yellow, red, and blue) of turnip juice changed significantly after PUV-light treatments at each level. The maximum degradation of anthocyanin after PUV-light treatments was found to be about 63%. The anthocyanin degradation, brightness, yellow and blue color (%) increased, while red color (%) decreased with longer treatment time and shorter distance. The degradation of monomeric anthocyanins in turnip juice exposed to PUV light was described by the Weibull model (R 2 0.982-0.998, RMSE 0.087-0.133) more accurately than the first-order kinetics (R 2 0.906-0.992, RMSE 0.071-0.192).
Introduction
Turnip juice is a traditional Turkish beverage with sour taste and purplish-red color, which is produced by lactic acid fermentation of the mixture containing black carrots, turnip, bulghur flour, rock salt, and Baker's yeast. Due to the black carrot content, turnip juice has intense purplishred color, indicating a high amount of anthocyanins.
Because of the increase in the cases of chronical diseases and cancer in recent years, the demand for the natural and healthy foods has been increasing. Especially the foods that contain anthocyanins, a large group of red-blue polyphenolic pigments, may prevent various diseases (Konczak and Zhang 2004; Castaeda-Ovando et al. 2009; Martynenko and Chen 2016) . The stability of anthocyanins can be affected by many factors such as the processing method, UV light, temperature, pH, enzymes, metallic ions, ascorbic acid, sulphur dioxide, and sugars (Bakowska et al. 2003; Kırca et al. 2006; Khandare et al. 2010) .
Untreated turnip juice is prone to yeast overgrowth. Therefore, a suitable decontamination technique must be used in the processing of turnip juice like any other fruit/ vegetable juice. Thermal pasteurization used in the commercial process of turnip juice causes adverse effects on the physical and chemical properties of turnip juice due to application of high temperatures (Karaoglan et al. 2017) . For this reason, an alternative nonthermal decontamination method, which has minimal effect on the physicochemical properties of turnip juice, should be investigated.
As a nonthermal decontamination technique, pulsed UV (PUV) light inactivates the microorganisms in short times and prevents the occurence of undesirable compounds (Bradley et al. 2012) . In a PUV light system, the power is magnified by storing electricity in a capacitor over fractions of a second and then releasing it in a short time & Hatice Aybuke Karaoglan aybukebasyurt@gmail.com (millionths or thousandths of a second) (Shankar et al. 2014) . Karaoglan et al. (2017) found that PUV light applied at the energy dose of 4.20-109.41 J/cm 2 reduced the spoilage yeast Candida inconspicua on turnip juice by 1.46-2.80 log cycles. The previous research provided in literature on PUV light have generally focused more on the inactivation of microorganisms rather than the physicochemical properties of foods. Especially regarding the phenolic compounds, only one study has been found in the literature so far, in which the effect of PUV light on the total phenolic compounds in elderberry fruit was investigated (Murugesan et al. 2012) .
In order to describe the degradation kinetics of the monomeric anthocyanin in fruit/vegetable juices treated with thermal/non-thermal processes, kinetic models must be constructed to fit the experimental data. Although the first-order kinetics is generally used to define the degradation of anthocyanin (Kırca et al. 2006; Wang and Xu 2007; Shao-qian et al. 2011) , the degradation curves usually appear to be nonlinear, exhibiting either downward (shoulders) or upward (tails) concavities. The Weibull model is one of the mathematical models used to define nonlinear curves, which has been found to successfully describe the survival of microorganisms in foods treated with non-thermal processes (Buzrul et al. 2008; Keklik et al. 2012; Sari 2016; Karaoglan et al. 2017) .
The objectives of this study are to describe the degradation of monomeric anthocyanins by using mathematical models and to evaluate the physicochemical changes of turnip juice exposed to PUV light.
Materials and methods

Preparation of turnip juice samples
Turnip juice was produced by using the method described by Erten et al. (2008) . Briefly, the ingredients including sliced black carrots (20%), sliced turnip (4%), bulghur flour (2.25%), rock salt (1-2%) and Baker's yeast (0.56%), all obtained from a local market, were mixed in a glass container. The container was then filled with drinking water, and capped loosely. Finally, the mixture was allowed to ferment at 25 ± 1°C until the pH of the turnip juice reached 3.3-3.7, which took approximately 10 days.
PUV light treatment
Turnip juice samples were exposed to PUV light in a bench-type pulsed UV-light system (SteriPulse-XL Ò 3000, XENON Corporation, Wilmington, MA). The system consists of a test chamber (0.64 m 9 0.15 m 9 0.19 m) with several shelf settings, which allows the treatment of food samples at varying distances from the quartz window of the xenon lamp. The quartz window is located at 5.8 cm below the lamp. The system operates with an input voltage of 3800 V. The lamp pulses three times per second, and each pulse's duration is 360 ls. The emitted spectrum ranges from 100 to 1100 nm with approximately 54% of the energy in the UV region (Krishnamurthy et al. 2004) .
A glass petri dish (Ø12 mm) was filled with turnip juice to a depth of 1 mm, and then placed onto the center of the shelf in the chamber. PUV light was applied to the turnip juice samples at three different distances (5, 8, and 13 cm) from the quartz window for five different times (5, 15, 30, 45, and 60 s) . The PUV energy dose of the treatments varied between 0.77 and 19.71 J/cm 2 .
Temperature measurement
Temperature of turnip juice samples was measured after each PUV light treatment by using a K-type thermocouple (Extech Instruments, ABD).
Physical and chemical analyses
In order to determine the effect of PUV light on the physical and chemical properties of turnip juice, the pH, total acidity (%, lactic acid), total phenolic compounds, total monomeric anthocyanins, and color parameters were determined before and after PUV light treatments.
pH and total acidity
The pH of turnip juice samples was measured directly by using a pH meter with a glass electrode (HI1221, Hanna Instruments, California, USA). The total acidity (% lactic acid) of turnip juice samples was determined by using the method of A.O.A.C. (1990) .
Total phenolic compounds
The amount of total phenolic compounds in turnip juice was determined according to the method of Cemeroglu (2010) using gallic acid as the standard. Accordingly, a calibration curve was prepared by plotting the absorbance values at 720 nm versus different concentrations (0-500 ppm) of gallic acid solutions. The equation of the calibration curve was found to be 'y = 0.0007x -0.0183' with an R 2 of 0.999. The absorbances were measured by using a UV-visible spectrophotometer (SP-3000 plus, Optima, Tokyo, Japan).
Total monomeric anthocyanins
The amount of total monomeric anthocyanins in turnip juice was determined by using the pH differential method (Giusti and Wrolstad 2001) . Briefly, turnip juice samples were diluted with aqueous buffer solutions having pH of 1.0 (potassium chloride, 0.025 M) and 4.5 (sodium acetate, 0.4 M), separately. Then, the maximum absorbance was read against distilled water as the blank. The difference in the absorbance values between the two buffer solutions is due to the monomeric anthocyanin pigments (Wrolstad et al. 2005) . Polymerized anthocyanin pigments and nonenzymatic browning pigments do not exhibit reversible behavior with pH, and thus are excluded from the absorbance calculation. The anthocyanin content (mg/L) in cyanidine-3-glucoside equivalent was calculated as shown in Eqs. (1) and (2):
where MW is the molecular weight (449.2 g/mol for cyanidin-3-glucoside (cyd-3-glu)); D f is the dilution factor; E is the molar extinction coefficient (L 9 mol -1 9 cm -1 ); and l is the path length (1 cm).
Color parameters
Color parameters including density (Eq. 3), hue (Eq. 4), lightness (Eq. 5), and percent color components (yellow, red, and blue) were calculated by reading the absorbance values of centrifuged turnip juice samples at 420, 520, and 620 nm against distilled water (Eqs. 6, 7, and 8) (RibereauGayon et al. 2006) .
Hue ¼ OD 420 OD 520 ð4Þ
Statistical analysis PUV light treatments were carried out in triplicate. Analysis of variance (ANOVA) was performed to determine the differences between treatments (Statistica Software, StatSoft, Inc., Tulsa, OK) at 95% confidence interval. The least significant difference (LSD) test was applied to the experimental data to determine the treatments that caused significant change on the response.
Kinetics of anthocyanin degradation
The degradation of monomeric anthocyanins in turnip juice treated with PUV light was mathematically modeled using the first-order kinetics and the Weibull model. The equation of the first-order kinetics is given at Eq. (9):
where C 0 is the initial anthocyanin concentration (mg/L) at time t = 0; C t is the anthocyanin concentration at time t; k 1 is the rate constant (s -1 ); and t is the treatment time (s). The Weibull model is capable of describing microbial, enzymatic, and chemical degradation kinetics (Cunha et al. 1998) . The model equation, given at Eq. (10) is;
where C 0 is the initial anthocyanin concentration (mg/L) at time t = 0; C t is the anthocyanin concentration at time t; a is scale parameter (s); b is shape parameter; and t is the treatment time (s). In addition to the scale parameter (a) and the shape parameter (b), the reaction rate constant (k aw ), which is the inverse of a, was calculated.
The curve is upward concave if b \ 1; downward convex if b [ 1, and linear if b = 1 which means the equation of the Weibull model becomes similar to that of the firstorder kinetics (van Boekel 2002) .
For each treatment distance, two sets of experimental degradation data were used to construct the model, while the third data set was used to validate the model. The values of model parameters were determined by performing nonlinear least-squares regression in Microsoft Excel 2007 (Microsoft Corp., Redmond, WA) with Solver add-in. The goodness off it of each model to the experimental data was assessed by the determination coefficient (R 2 ), root mean square error (RMSE), bias factor (B f ), and accuracy factor (A f ) (Ross 1996) . The correlation between the observed (average of two data sets for each treatment distance) and the predicted data values gives a determination coefficient (R 2 ) for each model. The higher the value of R 2 and the lower the value of RMSE, the better the model fits the experimental data (Eq. 11). The B f and A f values were used as the validation parameters of the models (Eqs. 12, 13).
A f ¼ 10
where n is the number of observations; C p is the predicted concentration of monomeric anthocyanin; and C o is the experimentally observed concentration of monomeric anthocyanin.
The mean treatment time that takes to degrade 100% of anthocyanins, defined as t m , was calculated by using the parameters of the Weibull distribution function (Eqs. 14, 15) (Odriozola- Serrano et al. 2009) :
with a as the scale factor, b as the shape factor, and U as the gamma function defined for x [ 1 in Eq. (16):
Results
Physical and chemical analyses
The physical and chemical properties of turnip juice before PUV light treatments are given in Table 1 .
pH and total acidity
As seen from Table 1 , the pH value of the turnip juice was 3.69 before PUV light treatment. Figure 1a shows that the pH value of the samples after several PUV light treatments ranged from 3.35 to 3.62. The pH of turnip juice samples exposed to PUV light changed significantly (p \ 0.001) with time and distance. At each distance from the quartz window, pH of samples decreased with the increase in treatment time. The differences between treatments determined by the LSD test resulted from the longest treatment at each distance. As shown in Fig. 1b , the total acidity of the samples ranged between 0.34 and 0.38 after PUV light treatments.
The treatment time and distance significantly (p \ 0.05) affected the total acidity of the samples. As the distance from the quartz window increased, total acidity of the samples also increased (Fig. 1b) .
As seen from Fig. 2 , PUV-light treatments caused the temperature of the samples to increase min. 6°C (at 8 cm for 5 s) and max. 44°C (at 5 cm for 60 s).
Changes in total phenolic content
The phenolic contents of turnip juice samples treated with PUV light were found to be between 376.86 and 667.57 mg GA/L, whereas the control samples yielded 458.70 mg GA/ L. Figure 1c shows that there is no particular trend of the change of the phenolic content of turnip juice samples at 5-cm applications. There is no significant difference (p [ 0.05) between the treatments at 13 cm or at 8 cm (except 60 s).
Changes in color parameters
As Table 1 shows the lightness value of control samples was found to be 33.96. The lightness of the samples after PUV light treatments ranged from 30.79 to 37.32 (Fig. 3a) . There was no significant difference (p [ 0.05) between the lightness values of turnip juice samples treated at 8 (except 45 s) and 13 cm. As seen from Fig. 3a , at the closest distance from the quartz window (5 cm), the lightness of samples decreased until 30 s, and then there was no statistical difference between the treatments.
The color density of turnip juice was 5.21 (Table 1) . After PUV treatments, color density values of turnip juice samples changed between 4.15 and 4.98 (Fig. 3b) . It was observed that binary interaction of distance and time does Figure 3b shows that the color density of the samples that were exposed to PUV light most (at 5 cm for 30, 45, 60 s; at 8 cm for 45, 60 s; at 13 cm for 60 s), thus at higher temperatures, were smaller compared to other treatments.
The hue values of turnip juice samples changed between 0.48 and 0.57 (Fig. 3b) after PUV light treatments. The values of OY420% red, OY520% yellow, OY620% blue changed between 30.81 and 33.29; 60.24 and 63.12; 6.49 and 7.77, respectively (Fig. 3c, d) . The values of OY420% red and OY520% yellow were not significantly different (p [ 0.05), but the value of OY620% blue was significantly different (p \ 0.05) from others. The differences between the treatments are shown in Fig. 3c, d .
The kinetics of anthocyanin degradation
The initial monomeric anthocyanin content of control samples was found to be about 248.18 mg cyn-3-glu/L. The average monomeric anthocyanin contents of turnip juice samples after PUV light treatments were between 92.18 and 260.73 mg cyn-3-glu/L (Fig. 1d) .
The scale parameter (a) and the shape parameter (b) of the Weibull model were obtained by fitting the experimental data to Eq. (10). The a values ranged from 62.5 to 83.3, and b values ranged from 1.020 to 2.423 (Table 2) . k value is expected to increase and t m to decrease with higher temperature or treatment intensity. The content (C t / C 0 ) of monomeric anthocyanin of turnip juice was plotted as a function of treatment time (s) (Fig. 4) . As seen from The B f and A f are the parameters used for the validation of the models. In this study, B f and A f values were found between 1.008 and 1.018 and 1.016-1.037, respectively (Table 2) .
Discussion
As the treatment distance from the PUV lamp decreased, the total acidity of the sample also decreased. CharlesRodriguez et al. (2007) reported that the heat treatment of apple juice may cause evaporation of organic acids, which may then cause the total acidity of the samples to decrease.
The phenolic compounds are responsible for the sour taste, antioxidative, and antimicrobial properties of turnip juice. The level of phenolic compounds is used to predict the physical stage and potential quality loss of fruit products due to browning, formation of hazes and sediments (Chia et al. 2012) . As seen from Fig. 1c , PUV light treatment of turnip juice did not show any particular trend. Murugesan et al. (2012) investigated the effects of PUV light on the changes in total polyphenolics in elderberry, and found that there was not a particular trend observed on the effect of PUV light on the total phenolic content of elderberry. The closest distance from the quartz window of the PUV lamp, 5 cm, demonstrated fluctuations in the total phenolic content of turnip juice samples. The reason may be the high temperature change (11-44.33°C) observed during 5-cm treatment. However, for the 8-cm and 13-cm treatments, it seems that there is a particular trend for different times at each distance. The changes in the content of phenolic compounds in fruit/vegetable juices with respect to increased temperature are complicated. Chen and Lin (2007) reported that there was not a particular trend observed for the temperature change on the phenolic content of thermally treated yam cultivars. There were statistically significant differences between treatments (p \ 0.001) in terms of the lightness of samples. At longer treatments than 30 s, the lightness decreased with time (Fig. 2a) . Charles-Rodriguez et al. (2007) stated that in apple juice samples, browning reactions occuring during thermal treatments caused the lightness to decrease. Ma et al. (2012) reported that the degradation of monomeric anthocyanins of Schisandra chinensis fruit increased when the samples were exposed to UV light for a long time (9 h). The decrease in the lightness observed in this study may have been caused by the browning reaction products formed at the end of the monomeric degradation. Hernandez et al. (1997) reported that heat applied to fruit juices for long periods of time can cause the formation of furfural and hidroximetlyfurfural (HMF) at the end of maillard reactions. This can cause color changes in fruit juices and affect the spectrophotometric measurements. They found that heat application at 120°C for 20 min caused significant increase in the HMF level. It is thought that the thermal treatments may cause the unstable particles in turnip juice to precipitate over time and the lightness of samples to decrease. Although heat can damage the pigments of the samples and thus decrease the lightness, the increase in lightness occured due to the precipitation may have been more dominant.
Turnip juice exhibits purplish-red color. Fig. 3b shows that the color density of the samples treated with PUV light for longer times (at 5 cm for 30, 45, 60 s; at 8 cm for 45, 60 s; at 13 cm for 60 s), thus at higher temperatures, were smaller compared to other treatments. Guerrero-Beltran et al. (2009) stated that when the amount of UV light absorbed by the samples increases, the color parameters of the samples of grape, cranberry and grapefruit juices decrease. Hue is a parameter used to determine if there is a difference in the dominant color between applications. The binary interaction of distance and time did not show any difference between treatments (p [ 0.05).
The kinetics of degradation can be used to predict the loss of components like anthocyanins in juices or nectars during processing and storage. By using mathematical models, the rate of anthocyanin degradation in foods can be controlled. The first-order kinetics and Weibull model were b gives information on the degradation pathway with respect to the application dose. If b value is below 1, it is regarded that at the beginning of the PUV-light treatment a great amount of monomeric anthocyanin degraded at a relatively fast rate, but over time the degradation slowed down and became stable. If b value is above 1, it means that at the beginning of the treatment, anthocyanin may have been more stable against degradation, and over time the degradation speeded up. Therefore, the monomeric antocyanins in turnip juice show higher stability at the beginning of the treatment but over time the degradation became faster. This trend is more obvious as the turnip juice samples become closer the light source because the value of b increases with shorter distance from the PUV lamp.
It can be seen from Fig. 1d that during PUV treatments, anthocyanin degradation generally increased with time at each distance. It is suggested that since the absorption of PUV light by the sample increases as the sample gets closer to the lamp, the degradation of monomeric anthocyanins also increases. Unexpectedly, the degradation is higher at 8 cm than at 5 cm. The degradation became stable after some treatments such as at 5 cm for 5 and 15 s or at 8 and 13 cm for 5 s. However, the highest monomeric anthocyanin levels were detected at 13 cm, which is the farthest distance from the quartz window.
To evaluate the fitting of models to the experimental data, R 2 , RMSE and the validation parameters B f and A f were calculated in addition to the model parameters. In the first-order model, the lower value of the model parameter, k, indicates a higher stability of anthocyanins. On the other hand, the higher R 2 (for observed vs. predicted values) and the lower RMSE values indicate a better fit of the model to the experimental data. Because of the higher R 2 (0.982, 0.998 and 0.99) and the lower RMSE (0.133; 0.087; 0.120) values for all treatments (Table 2 ), the Weibull model seems to be more suitable compared to the first-order kinetics for the description of the monomeric anthocyanin degradation in turnip juice exposed to PUV light.
No study has been found in literature on the degradation kinetics of monomeric anthocyanin of any fruit juice exposed to PUV light, nor on the use of Weibull model on the degradation kinetics of monomeric anthocyanin. The value of k in the degradation of anthocyanins after thermal or non-thermal treatments was previously documented by some researchers. Nayak et al. (2011) reported that the degradation kinetics of anthocyanins purified from purplefleshed potato heated to high temperatures (100-150°C) followed the first-order kinetics with k value of 26.2-285.5 9 10 -3 min -1
. Mercali et al. (2015) studied the degradation kinetics of anthocyanins of jaboticaba juice at temperatures ranging from 70 to 90°C and with ohmic heating, for which k values of the first-order kinetics varied from 1.7 to 7.5 9 10 -3 min -1 and from 0.0018 to 0.0076 min -1 , respectively. Zhang et al. (2010) studied the nonthermal degradation of cyanidin-3-glucoside with pulsed electric field (PEF), and reported that k value ranged between 25.72 and 166.0 s -1 at electric field strengths of 7-22 kV/cm. Sun et al. (2016) indicated that k value of the first-order kinetics used for the non-thermal degradation of pelargonidin-3-glucoside with ultrasound ranged from 1.69 to 6.72 9 10 -2 min -1 at the ultrasound power of 200-500 W and treatment time of 0-60 min. Compared to the results of these studies, it can be concluded that PUV light causes higher anthocyanin degradation in turnip juice with k value of 0.72-0.96 min -1 . The mean time that leads to 100% degradation of anthocyanins, t m , was calculated for each distance. The values of t m ranged from 58.128 to 82.623 min, decreasing with the proximity to the lamp. Odriozola- Serrano et al. (2009) reported t m values of fresh cut strawberries under storage temperatures of 5-20°C to range between 59,040 and 766,080 min (41-532 day), thus it can be assumed anthocyanins will not be completely depleted.
The B f value refers to the closeness of the predicted and the observed values to each other. If B f is equal to 1, the model is reputed as perfect. If B f is above 1, overprediction, that means the predicted values are greater than the actual or observed data. If B f is below 1, under prediction, the predicted values are smaller than the observed data. Mellefont et al. (2003) reported that for the generation time of E. coli growth, under prediction (B f \ 1) may be considered as ''fail-safe'' and overprediction (B f [ 1) as ''fail-dangerous''. However, for the degradation of anthocyanins, under prediction should be considered as ''faildangerous'', and overprediction as ''fail-safe''. Because in the case of under prediction, the model states that lower than the actual amount of anthocyanins is degraded by PUV light, which falsely promotes the PUV treatment. If B f and A f are equal to 1, the model fits perfectly. Both the first-order kinetics and Weibull model produced B f and A f values close to 1, but slightly overpredicted the degradation, which means the prediction is ''fail-safe''. Overall, the Weibull model yielded better values of goodness-of-fit parameters, and was able to describe the degradation of monomeric anthocyanins in turnip juice exposed to PUV light.
Conclusion
PUV light is considered to be an alternative preservation method to conventional heat treatment of foods. Although this technology has been studied and validated by many studies in terms of its efficacy in microbial inactivation, the effects of PUV light on the physicochemical properties of foods have not been well established. This study demonstrated that PUV-light may adversely affect the physicochemical properties of color-rich juices, which typically contain high amounts of antioxidants. The anthocyanin degradation in turnip juice mostly shows slight nonlinearity, which makes the Weibull model more suitable for the prediction of the degradation compared to the first-order kinetics. PUV-light can still be a potential alternative to conventional heat treatment of turnip juice and other beverages with high anthocyanin content. However, the treatment conditions such as the distance from the lamp, time, and the amount of absorbed energy should be carefully controlled in accordance with the information obtained from the kinetics of anthocyanin degradation.
